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
$EVWUDFW7KHSUHVHQFHRIVSHFXODUKLJKOLJKWVFDQKLGHXQGHUO\LQJIHDWXUHVRIDVFHQHZLWKLQDQLPDJHDQG
FDQ EH SUREOHPDWLF LQ PDQ\ DSSOLFDWLRQ VFHQDULRV ,Q SDUWLFXODU WKLV SRVHV D VLJQLILFDQW FKDOOHQJH IRU
DSSOLFDWLRQVZKHUHLPDJHVWLWFKLQJLVXVHGWRFUHDWHDVLQJOHVWDWLFLPDJHRIDVFHQHIURPLQVSHFWLRQIRRWDJH
RISLSHVJDVWXEHVWUDLQWUDFNVDQGFRQFUHWHVWUXFWXUHV)XUWKHUPRUHWKH\FDQKLGHVPDOOGHIHFWVLQWKH
LPDJHV FDXVLQJ WKHP WR EH PLVVHG GXULQJ LQVSHFWLRQ :H SUHVHQW D PHWKRG ZKLFK H[SORLWV DGGLWLRQDO
LQIRUPDWLRQ LQ QHLJKERXULQJ IUDPHV IURP YLGHR IRRWDJH WR UHGXFH VSHFXODULW\ IURP HDFK IUDPH 7KH
WHFKQLTXHILUVWDXWRPDWLFDOO\GHWHUPLQHVIUDPHVZKLFKFRQWDLQRYHUODSSLQJUHJLRQVEHIRUHWKHUHODWLRQVKLS
WKDWH[LVWVEHWZHHQWKHPLVH[SORLWHGLQRUGHUWRVXSSUHVVWKHHIIHFWVRIVSHFXODUUHIOHFWLRQV7KLVUHVXOWVLQ
DQLPDJHWKDWLVIUHHIURPVSHFXODUKLJKOLJKWVSURYLGHGWKHUHLVDWOHDVWRQHIUDPHSUHVHQWLQWKHVHTXHQFH
ZKHUHDJLYHQSL[HOLVSUHVHQWLQDGLIIXVHIRUP7KHPHWKRGLVVKRZQWRZRUNZHOORQJUH\VFDOHDVZHOODV
FRORXU LPDJHVDQGHIIHFWLYHO\ UHGXFHVVSHFXODULW\DQGVLJQLILFDQWO\ LPSURYHV WKHTXDOLW\RI WKH VWLWFKHG
LPDJHHYHQLQWKHSUHVHQFHRIQRLVH:KLOHDSSOLHGWRWKHFKDOOHQJHRIUHGXFLQJVSHFXODULW\LQLQVSHFWLRQ
YLGHRVWKHPHWKRGLPSURYHVXSRQWKHVWDWHRIWKHDUWLQVSHFXODULW\UHPRYDODQGLWVDSSOLFDWLRQVDUHZLGH
UDQJLQJDVDJHQHUDOSXUSRVHSUHSURFHVVLQJWRRO

.H\ZRUGV,PDJH3URMHFWLRQ6SHFXODU5HIOHFWLRQ5HPRYDO9LVXDO,QVSHFWLRQ1RQ'HVWUXFWLYH(YDOXDWLRQ

 ,QWURGXFWLRQ
$XWRPDWHG 1RQ'HVWUXFWLYH (YDOXDWLRQ 1'(
XVLQJYLVXDOLQVSHFWLRQZDVVWXGLHGE\>@DQGILQGV
DSSOLFDWLRQV LQ SLSH LQVSHFWLRQ >@ WUDLQ WUDFN
LQVSHFWLRQ>@DQGLQVSHFWLRQRIFRQFUHWHVWUXFWXUHV
>@7KHSURFHVVXVXDOO\HPSOR\VDFDPHUDPRXQWHG
RQ D PRELOH URERW DXWRPDWHG YHKLFOH RU RWKHU
DSSDUDWXV ZKLFK LV PRYHG RYHU DQ DUHD WR EH
LQVSHFWHG ZKLOH LPDJHV DUH FDSWXUHG LQ TXLFN
VXFFHVVLRQ 7KHVH LPDJHV FDQ WKHQ EH DQDO\VHG
ORFDOO\RURIIOLQHVRDVWRDVVHVVWKHFRQGLWLRQRIWKH
VWUXFWXUH EHLQJ LQVSHFWHG 'XULQJ RIIOLQH
SURFHVVLQJ WKH LPDJHV FDSWXUHG FDQ EH VWLWFKHG
WRJHWKHUWRSURYLGHDVHDPOHVVYLHZRIWKHLQVSHFWHG
VXUIDFH >@ +RZHYHU GXH WR WKH XVH RI OLJKW
VRXUFHVIRULOOXPLQDWLQJWKHVFHQHWREHFDSWXUHGDQG
VRXUFHV SUHVHQW LQ WKH HQYLURQPHQW VSHFXODU
UHIOHFWLRQVFDQDSSHDULQWKHVHLPDJHVDQGWKLVFDQ
UHGXFH WKH DFFXUDF\ RI LPDJH DOLJQPHQW PHWKRGV
XVHGSULRUWRLPDJHVWLWFKLQJ>@)XUWKHUPRUHIRU
WKH SXUSRVHV RI YLVXDO LQVSHFWLRQ WKH SUHVHQFH RI
VSHFXODULWLHVFRXOGDOVROHDGWRGHIHFWVEHLQJPLVVHG
GXULQJ WKH LQVSHFWLRQ SURFHVV RU VSXULRXV IDOVH
GHIHFWVEHLQJGHWHFWHG,WLVDQWLFLSDWHGWKDWLIVXFK
LPDJHV FDQ EH SUHSURFHVVHG WR UHGXFH VSHFXODU
KLJKOLJKWV WKH\ FDQ EH PRUH HDVLO\ DQG PRUH
DFFXUDWHO\ VWLWFKHG WRJHWKHU WR SURYLGH D KLJK
TXDOLW\VSHFXODUIUHHYLHZRI WKHLQVSHFWHGDUHDLQ
IXOO WKHUHE\ PDNLQJ PDQXDO RU DXWRPDWHG
PRQLWRULQJ PRUH UREXVW ,W LV WKHUHIRUH QHFHVVDU\
WKDW VXLWDEOH WHFKQLTXHV EH GHYHORSHG IRU WKH
5HPRYDORI6SHFXODU5HIOHFWLRQVIURP,PDJH6HTXHQFHVXVLQJIHDWXUH
FRUUHVSRQGHQFHV


UHPRYDORIVSHFXODUKLJKOLJKWVZKLFKPRWLYDWHVWKLV
ZRUN
7KH SDSHU LV RUJDQLVHG DV IROORZV 6HFWLRQ 
SURYLGHVDGHVFULSWLRQRIWKHFXUUHQWVWDWHRIWKHDUW
WHFKQLTXHV IRU VSHFXODULWL\ UHPRYDO DQG PRWLYDWHV
WKHFDVHIRUWKHSURSRVHGDSSURDFK,Q6HFWLRQZH
SUHVHQW WKH SURSRVHG WHFKQLTXH IRU VSHFXODULW\
UHPRYDODQGZHSURYLGHDQXPEHURIH[DPSOHVWR
DLGWKHXQGHUVWDQGLQJRILWVGHVFULSWLRQ7KHUHVXOWV
RIDSSO\LQJWKHSURSRVHGDSSURDFKDQGDOWHUQDWLYH
WHFKQLTXHV WR YDULRXV GDWDVHWV DUH GLVFXVVHG LQ
6HFWLRQ  DQG LQ 6HFWLRQ  ZH JLYH VRPH
FRQFOXGLQJUHPDUNV

 5HODWHGZRUN

7KHGHWHFWLRQDQGUHPRYDORIVSHFXODUUHIOHFWLRQV
IURP LPDJHV KDV EHHQ DQ DUHD RI LQWHUHVW WR WKH
&RPSXWHU9LVLRQFRPPXQLW\ IRUPDQ\\HDUV DQG
H[LVWLQJWHFKQLTXHVIRUWKLVWDVNILQGDSSOLFDWLRQVLQ
PHGLFDO VFLHQFH >@ YLGHR VXUYHLOODQFH >@
LPDJHUHILQHPHQWDQGLPDJHUHFRQVWUXFWLRQ>@
&LWLQJ WKH LPSRUWDQFH RI WKH DYDLODELOLW\ RI VXFK
PHWKRGV WKHUH KDYH EHHQ YDULRXV DWWHPSWV WR
DGGUHVVWKLVLVVXH

 6LQJOH,PDJHPHWKRGV
$ QXPEHU RI DXWKRUV KDYH SURYLGHG PHWKRGV
XVLQJ D YDULHW\ RI DSSURDFKHV WR UHPRYH VSHFXODU
KLJKOLJKWV XVLQJ V\QWKHWLFDOO\ JHQHUDWHG VSHFXODU
IUHHLPDJHV>@7KHDXWKRUVXVHDQXPEHURI
VRSKLVWLFDWHGWHFKQLTXHVWRUHGXFHVSHFXODULWLHVDQG
WKH\ SUHVHQW YHU\ JRRG UHVXOWV EXW HDFK KDV VRPH
GUDZEDFNV7KHDXWKRUVLQ>@SURSRVHDVSHHGHG
XSYHUVLRQRIWKHPHWKRGRI>@E\UHSODFLQJWKHLU
SURSRVHG LWHUDWLYH PHWKRG ZLWK D ELODWHUDO HGJH
SUHVHUYLQJ ILOWHU WR LPSURYH VSHHG 7KH PHWKRGV
IURP >@ DOO XVH D V\QWKHWLFDOO\ FRQVWUXFWHG
µVSHFXODUIUHH¶LPDJHZKLFKUHTXLUHVWKDWWKHVXUIDFH
FRORXU LV FKURPDWLF DQG WKDW GLIIXVH SL[HOV DUH
SUHVHQW IRU HYHU\ FRORXU UHJLRQ $Q LQSDLQWLQJ
WHFKQLTXHLVSURSRVHGLQ>@ZKLOHXVLQJDVSHFXODU
IUHH LPDJH WKLV KRZHYHU GRHV QRW UHFRYHU DQ\
DEQRUPDOLWLHVKLGGHQE\VSHFXODUKLJKOLJKWVDV WKH
LQSDLQWLQJ LV FDUULHG RXW XVLQJ QRQVSHFXODU
QHLJKERXULQJ SL[HO YDOXHV 7KH DXWKRUV LQ >@
SUHVHQWHGDPHWKRG WKDWXVHVDYHUDJLQJ WR UHPRYH
VSHFXODULW\IURPGDWDXVHGIRULPDJHEDVHGGLHWDU\
DVVHVVPHQW7KHPHWKRGZRUNVZHOOIRUWKHDXWKRU¶V
DSSOLFDWLRQ+RZHYHUVLQFHWKHDSSURDFKUHOLHVRQ
DYHUDJLQJ IHDWXUHV LQ WKH ILQDO UHVXOW FDQ DSSHDU
EOXUUHG DQG GLVWRUWHG $QRWKHU DSSURDFK LQ >@
UHDUUDQJHV WKH FKURPDWLFLW\ GLVWULEXWLRQ EHWZHHQ
VSHFXODU DQG GLIIXVH SL[HOV WR UHPRYH KLJKOLJKWV
ZKLOHVPRRWKLQJWKLVGLVWULEXWLRQXVLQJDFKURPDWLF
FRPSRQHQWVRIWKHGLIIXVHSL[HOV$OOWKHVHPHWKRGV
UHTXLUHWKHSUHVHQFHRIFRORXUFRQWHQWLQWKHLPDJHV

 0XOWLLPDJHPHWKRGV
7KH DXWKRUV LQ >@ FDUU\ RXW WULYLHZ &RORXU
+LVWRJUDP'LIIHUHQFLQJ&+'RQJURXSVRIWKUHH
LPDJHV LQ D PXOWLEDVHOLQH VWHUHR VFHQH 7KH\
SURYLGHVDWLVIDFWRU\UHVXOWVEXWWKLVPHWKRGLVDOVR
RQO\ DSSOLFDEOH WR FRORXU LPDJHV DQG UHTXLUHV
UHVWULFWHG FRQWURO RI WKH FDPHUD PRWLRQ ZKLFK
UHTXLUHV VSHFLDO KDUGZDUH WR LPSOHPHQW 7KH
WHFKQLTXHSUHVHQWHGLQ>@XVHGPXOWLSOHLPDJHVRI
D VFHQH FDSWXUHG XVLQJ D FDPHUD VHWXS DW D IL[HG
ORFDWLRQ DORQJ ZLWK PXOWLSOH OLJKW VRXUFHV IRU
LOOXPLQDWLRQ ZLWK RQH VRXUFH EHLQJ XVHG IRU HDFK
FDSWXUH RI WKH VDPH VFHQH 7KH PHGLDQ RI WKH
JUDGLHQWYDULDWLRQVLVFRPSXWHGIRUWKHLPDJHVSULRU
WRUHFRQVWUXFWLRQDQGWKLVPRWLYDWHVWKHXVHRISL[HO
EDVHG DULWKPHWLF IRU VSHFXODU KLJKOLJKW UHPRYDO
$QRWKHUPHWKRGSURSRVHGLQ>@IRUYLGHRLPDJLQJ
VXJJHVWV WKH XVH RI D VWUREH OLJKW DWWDFKHG WR D
PRYLQJ FDPHUD 7KH FDPHUD FDSWXUH UDWH DQG WKH
VWUREHOLJKWEOLQNLQJUDWHDUHVXFKDGMXVWHGVRDVWR
SURGXFH LPDJHV RI PLQLPXP DQG PD[LPXP
LOOXPLQDWLRQ 7KHVH WZR LPDJHV DUH XVHG WR
GHWHUPLQH D VSHFXODU IUHH LPDJH  0XOWLSOH LPDJH
PHWKRGV VXJJHVWHG LQ SUHYLRXV ZRUNV >@
UHTXLUH VSHFLDO FDSWXULQJ DSSDUDWXV DQG KDUGZDUH
7KXVWKHUHLVDQRSSRUWXQLW\WRH[SORUHDVRIWZDUH
EDVHG DSSURDFK ZKLFK SODFHV QR VSHFLILF


UHTXLUHPHQWVRQWKHW\SHRILPDJLQJHTXLSPHQWWKDW
LVUHTXLUHG
$V GLVFXVVHG WKHUH DUH D ODUJH QXPEHU RI
WHFKQLTXHV ZKLFK FDQ EH XVHG WR VXSSUHVV
VSHFXODULWLHVLQLPDJHGDWD+RZHYHUPDQ\RIWKH
DYDLODEOHWHFKQLTXHVFDQRQO\EHDSSOLHGWRFRORXU
LPDJHVZKLFKFRQWDLQGLVWLQFWLYHFKURPDWLFLW\>
 @ 7KLV LV QRW VXLWDEOH IRU YLVXDO LQVSHFWLRQ
DSSOLFDWLRQVZKHUHGDWDFDQEHJUH\VFDOHRUVLQJOH
FRORXU)XUWKHUPRUHPDQ\WHFKQLTXHVRSHUDWHRQD
VLQJOHLPDJHEDVLVZKHUHDVZKHQSURFHVVLQJYLGHR
GDWD LW PDNHV VHQVH WR XWLOLVH LQIRUPDWLRQ IURP
RYHUODSSLQJ IUDPHV DQG H[SORLW WKH PRWLRQ RI
VSHFXODULWLHVLQRUGHUWRUHPRYHWKHPIURPWKHYLGHR
GDWD :KLOH WKUHH WHFKQLTXHV ZKLFK H[SORLW WKLV
SURSHUW\DUHGLVFXVVHGLQ>@DOOWKUHHPHWKRGV
UHTXLUH D YHU\ VSHFLILF FDSWXULQJ HQYLURQPHQW RU
FDSWXUHGHYLFHWREHXVHG7KH\DOVRDVVXPHWKDWWKH
DOLJQPHQW EHWZHHQ RYHUODSSLQJ LPDJHV LV NQRZQ
DQGFRQVWDQWDQGLQWKHFDVHRI>@WKHDSSURDFK
FDQ RQO\ EH DSSOLHG WR FRORXU LPDJHV &OHDUO\ D
WHFKQLTXH ZKLFK FDQ EH DSSOLHG WR ERWK JUH\ DQG
GLVWLQFWLYHFRORXULPDJHVFDSWXUHGXVLQJDQ\VLQJOH
FDPHUDDQGOLJKWVRXUFHZRXOGEHKLJKO\EHQHILFLDO
IRUDZLGHUDQJHRIDSSOLFDWLRQV
,QWKLVSDSHUZHSUHVHQWDVLPSOH\HWLQQRYDWLYH
VRIWZDUH EDVHG WHFKQLTXH WR UHPRYH VSHFXODU
KLJKOLJKWVIURPDVHTXHQFHRILPDJHV7KHPHWKRG
UHTXLUHV D VLQJOH QRQVSHFLILF FDPHUD DQG
LOOXPLQDWLRQ VRXUFH DQG XQOLNH WKH DSSURDFKHV LQ
> @ FDQ EH DSSOLHG WR ERWK FRORXU DQG
JUH\VFDOH GDWD ZLWKRXW PRGLILFDWLRQ ZKLFK PDNHV
JUHDWO\ LPSURYHV LWV DSSOLFDELOLW\ LQ D QXPEHU RI
DSSOLFDWLRQ DUHDV :H H[SORLW WKH IDFW WKDW WKH
FRQWHQW RI LPDJHV LQ D VHTXHQFH FDSWXUHG E\ D
PRYLQJ FDPHUD ZLOO RYHUODS HDFK RWKHU WR VRPH
H[WHQWDQGZHXVHWKLVWRFRPSXWHWKHUHODWLRQVKLS
EHWZHHQVXFK LPDJHVGLUHFWO\ IURP WKHGDWD LWVHOI
7KLV DOOHYLDWHV WKH QHHG IRU PXOWLSOH FDPHUDV WR
UHPDLQDWDIL[HGSRVLWLRQGXULQJLPDJHDFTXLVLWLRQ
>@ZKLFKLVLPSUDFWLFDOIRUPDQ\DSSOLFDWLRQV
:KLOH IRU PRVW LQVSHFWLRQ YLGHRV WKH FDPHUD LV
PRYHGDURXQGDVFHQHWREHLPDJHGWKHSURSRVHG
PHWKRGZRXOGZRUNHTXDOO\ZHOOLIDSSOLHGXVLQJD
IL[HGFDPHUDDQGDPRYLQJVFHQHHJIRULQVSHFWLQJ
SDUWVRQDFRQYH\RUEHOW
)XUWKHUPRUH WKHSURSRVHG DSSURDFK LV VRIWZDUH
EDVHGDQGSHUIRUPVHTXDOO\ZHOORQERWKFRORXUDQG
JUH\VFDOHLPDJHVDQGLQ6HFWLRQLWLVVKRZQWKDW
LWDOVRSURGXFHVVLJQLILFDQWO\EHWWHUUHVXOWVWKDQWKDW
RI>@ZKHQDSSOLHGWRWKHVDPHVHWRILPDJHGDWD
:HFRQVLGHU>@IRUFRPSDULVRQVLQFHLWSURSRVHV
DQDSSOLFDWLRQHQYLURQPHQWZLWKRXWFRQVWUDLQWVQR
UHVWULFWLRQVRQFDSWXULQJLPDJHVRUFRQWHQWFRORXU
RUJUH\RIWKHLPDJHVEHLQJFDSWXUHG

 6SHFXODULW\5HPRYDO8VLQJ,PDJH
 &RUUHVSRQGHQFHV

7KH SURFHGXUH XVHG IRU WKH UHGXFWLRQ RI
VSHFXODULW\ IURP WKH LPDJHV LV LOOXVWUDWHG LQ WKH
IORZFKDUW VKRZQ LQ )LJ  7KH PHWKRG UHTXLUHV
PXOWLSOH LPDJHV RI WKH VDPH VFHQH IURP GLIIHUHQW
YDQWDJH SRLQWV LGHDOO\ VXFFHVVLYH IUDPHV IURP D
YLGHRZRUNZHOODVDQLQSXWWRWKHSURFHVV6SHFXODU
KLJKOLJKWV DUH UHPRYHG IURP WKH IUDPHV XVLQJ D
VHYHQVWHSSURFHVVWDNLQJDVLQJOHLPDJHDWDWLPH
IRUVSHFXODUKLJKOLJKWUHPRYDO

 'HWHUPLQDWLRQRIIHDWXUHSRLQWV

,QWKLVILUVWVWHSIHDWXUHSRLQWVDUHH[WUDFWHGIURP
WKH FXUUHQW LPDJH DQG WKH QH[W LPDJH LQ WKH
VHTXHQFHWREHSURFHVVHG$QLPDJHIHDWXUHFDQEH
GHILQHGDVDGLVWLQFWO\LGHQWLILDEOHSDUWRIDQLPDJH
WKDW GLIIHUV IURP LWV QHLJKERXUKRRG LQ WHUPV RI
LQWHQVLW\ DQG FRORXU HWF >@ 6HYHUDO DOJRULWKPV
H[LVWZKLFKDOORZXVWRGHWHFWSRLQWVRI LQWHUHVWLQ
LPDJHV >@ ,Q WKH SURSRVHG PHWKRG ZH XVH
6FDOH,QYDULDQW)HDWXUH7UDQVIRUP6,)7WRH[WUDFW
IHDWXUHSRLQWV IURP WKH LPDJHV WREHSURFHVVHGDV
6,)7 KDV EHHQ GHPRQVWUDWHG WR RXWSHUIRUP WKH
FXUUHQWO\ DYDLODEOH IHDWXUHGHWHFWLRQ DOJRULWKPV LQ
WHUPV RI WKH QXPEHU RI IHDWXUH SRLQWV GHWHFWHG LQ
YDULRXV DSSOLFDWLRQV >@ 6,)7 SURYLGHV
LQYDULDQFHWRVFDOHURWDWLRQLOOXPLQDWLRQDQGSDUWLDO
LQYDULDQFH WR DIILQHFKDQJHZKLFK LV DQ LPSRUWDQW
UHTXLUHPHQWLQPDQ\LPDJHDOLJQPHQWDSSOLFDWLRQV
7KH6,)7IHDWXUHSRLQWVLQLPDJHVDUHUHSUHVHQWHG


'HWHUPLQH6,)7IHDWXUH
SRLQWV
'HWHUPLQHPDWFKHV
EHWZHHQWKHLPDJHV
&RPSXWH+RPRJUDSK\
XVLQJ5$16$&
0DWFKHV
DIWHU
5$16$&
!W"
5HPDSSLQJWKHLPDJHV
'HWHUPLQHRYHUODSSLQJ
DUHDV
7DSHURIILQWHQVLW\
GLVFRQWLQXLWLHVDW
UHSODFHPHQWERXQGDULHV
5HSODFHWKHRYHUODSSLQJ
SL[HOVLQWKHRULJLQDO
LPDJHE\WKHPLQLPXP
YDOXHRIWKHWZR3L[HO
YDOXHVRIDUHLJQRUHG
1R
<HV
&RQW
&RQW
5HVL]HWKHSURFHVVHG
LPDJHZKHQDOOLPDJHV
KDYHEHHQFKHFNHG
6DYHLPDJHZLWK
UHSODFHPHQWDVWKH
FXUUHQWLPDJH
6WDUW

E\DGHVFULSWRUZKLFKFDQEHXVHGWRLGHQWLI\HDFK
SRLQW $V D GHPRQVWUDWLRQ FRQVLGHU WKH LPDJHV
VKRZQLQ)LJD)LJEVKRZVWKH6,)7IHDWXUH
SRLQWVH[WUDFWHGIURPWKHVHWZRLPDJHV(DFKRIWKH
\HOORZFLUFOHVLQGLFDWHVDIHDWXUHSRLQWWKHUDGLXVRI
WKH FLUFOH LQGLFDWHV WKH VFDOH DW ZKLFK WKH IHDWXUH
SRLQWH[LVWVDQGWKHOLQHZLWKLQWKHFLUFOHLQGLFDWHV
LWVRULHQWDWLRQ

 'HWHUPLQDWLRQRIPDWFKLQJSRLQWVDQGLPDJH
DOLJQPHQW

2QFHWKHIHDWXUHSRLQWVKDYHEHHQGHWHUPLQHGWKH
QH[W VWHS LV WR VHDUFK IRU SRVVLEOH PDWFKHV  7KH
PDWFKLQJ RI 6,)7 NH\ SRLQWV LV DFFRPSOLVKHG E\
FRPSXWLQJ WKH (XFOLGHDQ GLVWDQFH DPRQJ WKH
GHVFULSWRUVEHWZHHQDQ\WZRSRLQWVLQWZRGLIIHUHQW
LPDJHV,IIRUDQ\IHDWXUHSRLQWLQDQ\LPDJHWZR
SRLQWVDUHIRXQGLQWKHRWKHULPDJHZKRVHUDWLRRI
WKH GLVWDQFH IURP WKH FRQVLGHUHG SRLQW LV JUHDWHU
WKDQRUHTXDOWR>@ERWKWKHSRLQWVDUHGURSSHG
DVSRWHQWLDOPDWFKHV7KLVZDVIRXQGWKHDXWKRUVLQ
>@WRUHGXFHIDOVHPDWFKGHWHFWLRQE\$NG
WUHH>@LVXVHGWRILQGWKHQHLJKERXUKRRGLQZKLFK
PDWFKLQJ LV WR EH FDUULHG RXW WR UHGXFH PDWFKLQJ
WLPH
$OLJQLQJPDWFKLQJLPDJHVUHTXLUHVWKDWERWKWKH
LPDJHV DUH SURMHFWHG RQWR WKH VDPH SODQH 7KH
PRWLRQ EHWZHHQ WKH LPDJHV FDQ WDNH DQ DUELWUDU\
GLUHFWLRQ DQG URWDWLRQ DQG QRQOLQHDU HIIHFWV PD\
DOVREHSUHVHQWGXHWRWKHFKDQJHRISODQHDQGYLHZ
RI WKH FDSWXULQJ DSSDUDWXV 7KLV PRWLRQ FDQ EH
PDWKHPDWLFDOO\ PRGHOOHG DV SHUVSHFWLYH PRWLRQ
EHWZHHQWKHWZRLPDJHV7KHUHODWLRQEHWZHHQWKH
SL[HOV LQ WZR LPDJHV FDQ EH PDWKHPDWLFDOO\
GHVFULEHG E\ PHDQV RI D +RPRJUDSK\ PDWUL[ +
FRPSXWHG EHWZHHQ WKH WZR LPDJHV LW LV JLYHQ DV
VKRZQLQ
 ܪ ൌ ൥݄ଵଵ ݄ଵଶ ݄ଵଷ݄ଶଵ ݄ଶଶ ݄ଶଷ݄ଷଵ ݄ଷଶ ݄ଷଷ൩ሺ ?ሻ

,QSXW,PDJH6HTXHQFH
2XWSXW,PDJH6HTXHQFH
)LJ)ORZFKDUWRIWKHSURSRVHGPHWKRG


ZKHUH WKH HOHPHQWV݄௜௝ DUH DUELWUDU\ QXPEHUV WKDW
GHILQH WKH WUDQVIRUPDWLRQ 7KH KRPRJUDSK\ LV
FRPSXWHG XVLQJ 5$QGRP 6$PSOH &RQVHQVXV
5$16$& >@ WRJHWKHU ZLWK WKH 'LUHFW /LQHDU
7UDQVIRUPDWLRQ'/7>@7KHSUREDELOLW\WKDWD
FRUUHFWPRGHOKDVEHHQLGHQWLILHGXVLQJ5$16$&
LVJLYHQE\
 ݌௚௧ ൌ  ? െ ሺ ? െ ݌௠ሻ௞ሺ ?ሻ

:KHUH  LV WKH SUREDELOLW\ RI WKH GHWHUPLQHG
JHRPHWULFPRGHOEHLQJFRUUHFWSLVWKHSUREDELOLW\
WKDW WKHFRQVLGHUHGSRLQW LV D OHJLWLPDWH FDQGLGDWH
IRUWKHJHRPHWULFPRGHOWREHGHWHUPLQHG,QOLHUP
LV WKH QXPEHU RI SRLQWV XVHG IRU GHWHUPLQLQJ WKH
JHRPHWULFPRGHODQGN LV WKHQXPEHURI WULDOV WKH
DOJRULWKP LWHUDWHV WKURXJK 7KH QXPEHU RI WULDOV
XVHG IRU 5$16$& LV N  HPSLULFDOO\
GHWHUPLQHGWREHVXIILFLHQWWRJHQHUDWHDGHSHQGDEOH
KRPRJUDSK\LQFUHDVLQJWKHQXPEHURIWULDOVGLGQ¶W
KDYHDVLJQLILFDQWLPSDFWLQDFRUUHFWKRPRJUDSK\
EHLQJGHWHUPLQHGDQGWKHQXPEHURISRLQWVXVHGLQ
HDFKWULDOLVP LQWKH'/7SRLQWVDUHHQRXJK
WRFRPSXWH'+RPRJUDS\>@,WLVLPSRUWDQWWR
HQVXUHWKDWDSKRWRJUDSKLFDOO\FRUUHFWKRPRJUDSK\
LV GHWHUPLQHG EHWZHHQ WZR LPDJHV7KDW LV D
KRPRJUDSK\LVFRQVLGHUHGYDOLGLIDQGRQO\LIWKHUH
LV DQ DFWXDO RYHUODS EHWZHHQ WKH LPDJHV DQG QRW
YDOLG LI LW LV FRPSXWHG XVLQJHUURQHRXVO\ PDWFKHG
SRLQWV :H DFKLHYH WKLV E\ DSSO\LQJ D WKUHVKROG
W  WR WKH QXPEHU RI LQOLHUV IRXQG WR GHFLGH
ZKHWKHUWKHFRPSXWHGKRPRJUDSK\LVWKHUHVXOWRI
IDOVHO\ PDWFKHG SRLQWV RU RWKHUZLVH $ VLPLODU
DSSURDFKKDVEHHQXVHGLQ>@7KHWKUHVKROGYDOXH
RIFDQEHDGMXVWHGE\ WKHXVHUDVDQDGGLWLRQDO
LQSXW WR WKH DOJRULWKP DQG KDV EHHQ GHWHUPLQHG
HPSLULFDOO\ E\ YLVXDO LQVSHFWLRQ RI KRPRJUDSKLF
WUDQVIRUPDWLRQPDWULFHVFRPSXWHGIRUGLIIHUHQW
LPDJHV 7KH PDWFKLQJ SRLQWV EHWZHHQ WKH LPDJHV
EHIRUHDQGDIWHU5$16$&DUH VKRZQ LQ)LJ F
DQG )LJ G UHVSHFWLYHO\ %\ REVHUYLQJ WKDW WKH
SRLQWVLQ)LJGDSSHDUWREHVHSDUDWHGE\VRPH
IL[HG GLVWDQFH DQG RULHQWDWLRQ LW LV FOHDU WKDW WKH
UHPRYDORIRXWOLHUVKDVEHHQVXFFHVVIXO
 5HPDSSLQJRIWKH,PDJHV

$IWHUWKHGHWHUPLQDWLRQRIDQDSSURSULDWHJHRPHWULF
WUDQVIRUPDWLRQEHWZHHQWKHLPDJHVWKHQH[WVWHSLV
WR UHDOLJQ WKHP 8VLQJ RQO\ WKH KRPRJUDSK\
EHWZHHQWKHLPDJHVUHVXOWVLQDQDOLJQPHQWHUURUGXH
WR PHDVXUHPHQW LQDFFXUDFLHV DQG LQFOXVLRQ RI
HUURQHRXV SRLQWV WKDW IDOO ZLWKLQ WKH FKRVHQ
5$16$&WKUHVKROG,QRUGHUWRRYHUFRPHWKLVWKH
LPDJHV DUH DOLJQHG E\ ZDUSLQJ ERWK WKH LPDJHV
VHSDUDWHO\ RQ WR WZR LGHQWLFDO HQYLURQPHQW PDSV
IRUPHG XVLQJ WKH FDOFXODWHG SURMHFWLYH
WUDQVIRUPDWLRQ PDWUL[ 7KH PHVKHV DUH FUHDWHG LQ
WKH&DUWHVLDQFRRUGLQDWHV\VWHPWRDYRLGDQ\FKDQJH
RI VKDSH LQ WKH RULJLQDO LPDJHV ZKLFK PD\ UHVXOW
IURP XVLQJ HLWKHU &\OLQGULFDO RU 6SKHULFDO
FRRUGLQDWH V\VWHPV 7KH FRPSRVLWLQJ VXUIDFH LQ
&DUWHVLDQFRRUGLQDWHVZDVFUHDWHGDVLQ
ܿ௠௔௧ ൌ ൥ ? ܿ݋݈ǡ ݅݉ ? ܿ݋݈ǡ ݅݉ ?  ? ?  ? ݎ݋ݓǡ ݅݉ ? ݎ݋ݓǡ ݅݉ ? ?  ?  ?  ? ൩ሺ ?ሻ

:KHUH FROLPURZLP UHSUHVHQW WKH FROXPQ DQG
WKHURZVL]HRIWKHPDWFKHGLPDJHDQG&PDWLVWKH
FRPSRVLWLQJ PDWUL[ 7KH QHZ SL[HO ORFDWLRQV IRU
HDFKRULJLQDOSL[HOLQWKHHQYLURQPHQWPDSLVWKHQ
FDOFXODWHGDVLQDQG
 ݔ௠ଶ ൌ ሺ݄ଵଵݔுכ ൅ ݄ଵଶݕுכ ൅ ݄ଵଷሻ݄ଷଵݔுכ ൅ ݄ଷଶݕுכ ൅ ݄ଷଷ ሺ ?ሻ ݕ௠ଶ ൌ ሺ݄ଶଵݔுכ ൅ ݄ଶଶݕு כ ൅ ݄ଶଷሻ݄ଷଵݔுכ ൅ ݄ଷଶݕு כ ൅ ݄ଷଷ  ሺ ?ሻ
:KHUHݔ௠ଶǡ ݕ௠ଶ DUH WKH FRRUGLQDWHV RI WKH SL[HO
ORFDWLRQVRIWKHHQYLURQPHQWPDSDIWHUSHUVSHFWLYH
SURMHFWLRQ7KLVZDUSLQJRIWKHWZRLPDJHVUHVXOWV
LQWZRHQYLURQPHQWPDSVRQZKLFKWKHLPDJHVKDYH
EHHQ UHPDSSHG LQ VXFK D PDQQHU WKDW WKH
RYHUODSSLQJ UHJLRQV DUH DOLJQHG FRUUHFWO\ 7KH
ZDUSHGLPDJHVDUHVKRZQLQ)LJHDQGLWLVFOHDU
WKDW WKH LPDJHV DUH DOLJQHG 0RUHRYHU IRU WKHVH
LPDJHV LW FDQ EH VHHQ WKDW VSHFXODU SL[HOV LQ WKH
LPDJH RQ WKH ULJKW DSSHDU DV GLIIXVHSL[HOV LQ WKH
LPDJHRQWKHOHIW



 'HWHUPLQDWLRQRIRYHUODSEHWZHHQWKH
 ,PDJHV

6LQFHWKHLPDJHVKDYHEHHQDOLJQHGSURSHUO\GXHWR
WKHZDUSLQJRIERWKWKHLPDJHVWKHRULJLQDOLPDJH
LVVHDUFKHGIRULQLWVHQYLURQPHQWPDSDQGWKHVDPH
SL[HOORFDWLRQVDUHH[WUDFWHGIURPWKHHQYLURQPHQW
PDS RI WKH VHFRQG LPDJH  7KH VHFRQG H[WUDFWHG
LPDJHZLOOKDYHDSRUWLRQZKLFKRYHUODSVWKHILUVW
LPDJHDQGDSRUWLRQZKLFKGRHVQRWFRQWDLQXVHIXO
GDWD7KLVLVGXHWRWKHSDUWLDORYHUODSEHWZHHQWKH
WZRLPDJHVEHFDXVHRIWKHPRWLRQZLWKLQDQ\LQSXW
YLGHRRUVHULHVRILPDJHV7KHRYHUODSSLQJDUHDLQ
WKH WZR LPDJHV LQ )LJ H LV PDUNHG E\ D UHG
ERXQGDU\

 5HSODFHPHQWRISL[HOVIRUVSHFXODULW\
UHGXFWLRQ

6LQFH VSHFXODU SRLQWV DUH FKDUDFWHUL]HG E\ KLJK
SL[HOYDOXHVDQGGLIIXVHSL[HOVDUHFKDUDFWHUL]HGE\
ORZYDOXHVWKHSL[HOVLQWKHRYHUODSSLQJUHJLRQDUH
UHSODFHGE\WKHPLQLPXPRIWKHYDOXHVLQWKHWZR
LPDJHVDVJLYHQLQ
 ܫை௩௟௔௣ሺௌ௣௘௖௥௘ௗሻ ൌ ൫ܫଵ ?௢௩௟௔௣ǡ ܫଶ ?௢௩௟௔௣൯ሺ ?ሻ

ZKHUHܫை௩௟௔௣ሺௌ௣௘௖௥௘ௗሻLV WKHRYHUODSSLQJ UHJLRQRI
WKHWZRLPDJHVLQZKLFKSL[HOVKDYHEHHQUHSODFHG
E\ WKHLU GLIIXVH FRXQWHUSDUWV ܫଵ ?௢௩௟௔௣ DQGܫଶ ?௢௩௟௔௣DUHWKHRYHUODSSLQJSDUWVEHWZHHQWKHILUVW
DQG WKH PDWFKHG LPDJH 7KLV UHVXOWV LQ WKH
UHSODFHPHQWRIDOOSL[HOYDOXHVLQWKHRULJLQDOLPDJH
E\ WKH PLQLPXP YDOXH RI WKH WZR 7KH RULJLQDO
LPDJHDIWHUVSHFXODUUHGXFWLRQKDVEHHQDSSOLHG LV
VKRZQ LQ )LJ I ,W FDQ EH REVHUYHG WKDW
UHSODFHPHQW E\ WKH PLQLPXP YDOXH RI WKH
RYHUODSSLQJSL[HOVKDVUHGXFHGVSHFXODUKLJKOLJKWV
VLJQLILFDQWO\VLQFHGLIIXVHYDOXHVIRUFRUUHVSRQGLQJ
SL[HOVZHUHSUHVHQWLQWKHRWKHULPDJHV
 6PRRWKLQJRILQWHQVLW\GLVFRQWLQXLWLHVLQWKH
,PDJH
'XHWRYLJQHWWLQJWKHGHFOLQHRILQWHQVLW\WRZDUGV
WKH HGJHV DQG QRQXQLIRUP LOOXPLQDWLRQ DQ
LQWHQVLW\GLVFRQWLQXLW\PD\DSSHDUDWWKHERXQGDULHV
RI RYHUODSSLQJ UHJLRQV EHWZHHQ WKH LPDJHV ZKHQ
SL[HOVDUHUHSODFHGE\WKHPLQLPXPYDOXH,QRUGHU
WR RYHUFRPH WKLV DUWHIDFW VPRRWKLQJ FDQ EH
HPSOR\HGWRWDSHURIIWKHLQWHQVLW\GLVFRQWLQXLWLHVDW
WKHERXQGDULHVRIRYHUODSSLQJLPDJHV$IRXUVWHS
SURFHGXUH LV XVHG WR VPRRWK RXW WKHVH
GLVFRQWLQXLWLHV

L 7KH ORFDWLRQ RI WKH HGJHVRI WKHRYHUODSSLQJ
 UHJLRQV EHWZHHQ WKH LPDJHV LV ILUVW
 GHWHUPLQHG
LL 7KH SUHVHQFH RI DQ LQWHQVLW\ GLVFRQWLQXLW\ LV
WKHQ GHWHFWHG E\ DSSO\LQJ D WKUHVKROG WR WKH
GLIIHUHQFH RI WKH RULJLQDO DQG WKH SURFHVVHG
LPDJH7KHWKUHVKROGLVGHWHUPLQHGXVLQJWKH
PHWKRG SUHVHQWHG LQ >@ 7KLV UHVXOWV LQ D
ELQDU\LPDJHZKLFKFRQVLVWVRIEULJKWYDOXHVDW
DOO SRLQWV ZKHUH WKHUH LV D GLIIHUHQFH RI
LQWHQVLW\ EHWZHHQ WKH RULJLQDO DQG WKH
SURFHVVHGLPDJHV
LLL 8VLQJ WKH LQIRUPDWLRQ IURP WKH FRPSXWHG
KRPRJUDSK\ EHWZHHQ WKH LPDJHV WKH
DSSURSULDWHHGJHORFDWLRQVGHWHUPLQHGLQVWHS
LDUHWKHQXVHGWRVHDUFKIRUDGLVFRQWLQXLW\D
EULJKWYDOXH,IDEULJKWYDOXHLVGHWHFWHGWKH
LQWHQVLW\ YDOXHV LQ WKH SURFHVVHG LPDJH DUH
VPRRWKHGRIIOLQHDUO\LQWKHGLUHFWLRQRIKLJKHU
LQWHQVLW\7KLVVPRRWKLQJRILQWHQVLW\LVFDUULHG
RXWRYHUSL[HOVVWDUWLQJDWWKHORFDWLRQRIWKH
GLVFRQWLQXLW\ $ *DXVVLDQ IXQFWLRQ ZDV DOVR
WHVWHGIRUWKLVSXUSRVHEXWWKHUHVXOWVIURPWKH
WHVWZHUHOHVVFRQYLQFLQJ

2QFH WKLV RSHUDWLRQ LV ILQLVKHG WKH SURFHVVHG
LPDJHUHVXOWLQJIURPWKHFXUUHQWLWHUDWLRQLVXVHGDV
WKH FDQGLGDWH VSHFXODU LPDJH WR UHPRYH VSHFXODU
KLJKOLJKWV ZLWK WKH UHPDLQLQJ LPDJHV  ,W LV
QHFHVVDU\WRXVHWKHSURFHVVHGLPDJHHDFKWLPHDV
WKHUHSODFHPHQWRISL[HOYDOXHVSURGXFHVDYDULDWLRQ


LQWKHJHRPHWULFWUDQVIRUPDWLRQEHWZHHQWKHLPDJHV
DQG DQ LQFRUUHFW IHDWXUH DOLJQPHQW PD\ UHVXOW
RWKHUZLVH

 5HVL]HSURFHVVHGLPDJH

,Q WKLV VWHS WKH SURFHVVHG LPDJH LV UHVL]HG WR WKH
RULJLQDO LPDJH VL]H 'HSHQGLQJ RQ WKH HIIHFW RI
ZDUSLQJ RQ WKH ILQDO SURFHVVHG LPDJH WKLV PD\
UHTXLUH D FRPELQDWLRQ RI GHFLPDWLRQ DQG
LQWHUSRODWLRQ
)RU)LJIVLQFHQRGLVFRQWLQXLW\DSSHDUVLQWKH
SURFHVVHG 3RUWUDLW ,PDJH QR VPRRWKLQJ KDV EHHQ
SHUIRUPHG LQ WKH RXWSXW LPDJH EXW LW KDV EHHQ
UHVL]HGWRWKHRULJLQDOLPDJHVL]H)LJJVKRZV
WKHGLIIHUHQFHEHWZHHQ WKHRULJLQDO LPDJHDQG WKH
VSHFXODUUHGXFHGLPDJHSURGXFHGE\ WKHSURSRVHG
PHWKRG,WFDQEHREVHUYHGWKDWVSHFXODUKLJKOLJKWV
KDYHEHHQVXFFHVVIXOO\UHPRYHG

 ([SHULPHQWDOUHVXOWV

,QWKLVVHFWLRQZHSUHVHQWWKHUHVXOWVRIDSSO\LQJ
WKHSURSRVHGWHFKQLTXHWRWKUHHGLIIHUHQWGDWDVHWV,Q
RUGHU WR GHPRQVWUDWH WKH HIILFDF\ RI WKH SURSRVHG
DSSURDFKFRPSDUHGWRWKHPHWKRGRI>@DVRWKHU
PHWKRGV UHTXLUH XVH RI VSHFLDOLVW KDUGZDUH
)XUWKHUPRUH WKH VDLG DSSURDFK LV WRXWHG WR QRW
UHTXLUHDQ\VSHFLDOFDSWXULQJDSSDUDWXVRUFRQWHQW
RIWKHLPDJHFDSWXUHGZKLFKLVVLPLODUWRWKHDLPRI
WKHZRUN,QWKHILUVWH[SHULPHQWZHXVHDGDWDVHW
ZKLFKFRQVLVWVRIWZRLPDJHVRIDSODWHFDSWXUHGLQ
D VFHQDULR VLPLODU WR WKDW GHVFULEHG LQ >@ 7KH
VHFRQG GDWDVHW FRQVLVWV RI LQVSHFWLRQ LPDJHV RI D
PHWDOVKHHWWDNHQDWDUDWHRI+]ZLWKWZRKDORJHQ
OLJKWV DV WKH OLJKW VRXUFHV 7KHVH LPDJHV DUH WKH
VDPHDVWKRVHXVHGLQ>@7KLVVHWRILPDJHVLVJUH\
ZLWKDOPRVWQRFKURPLQDQFHPHDVXUHDQGFRQWDLQV
GLVSHUVLYHVSHFXODUKLJKOLJKWV7KHWKLUGLPDJHVHW
FRQVLVW RI LPDJHV RI D SODWH WR GHPRQVWUDWH WKH
DOJRULWKPVRSHUDWLRQIRUWZRW\SHVRIVXUIDFHVWKRVH
KDYLQJGHSWKGLVFRQWLQXLW\DQGVHFRQGWKHSUHVHQFH
RIFRORXUFRQWHQW,WLVQRWDEOHWRSRLQWRXWWKDWQR
VSHFLDOFDSWXULQJHTXLSPHQWZDVXVHGLQWKHLPDJH
DFTXLVLWLRQSURFHVVDVWKHLPDJHZDVFDSWXUHGXVLQJ
D6DPVXQJ*DOD[\6EDFNFDPHUD

 &RPSDULVRQXVLQJSODWHLPDJHVVLPLODUWR
LPDJHVXVHGLQ>@

,Q RUGHU WR GHPRQVWUDWH WKH HIIHFWLYHQHVV RI WKH
SURSRVHG PHWKRG ZH KDYH DSSOLHG DQG FRPSDUHG
WKHPHWKRGRI>@ZLWKWKHWHFKQLTXHGHVFULEHGLQ
WKLVSDSHUXVLQJWKHLPDJHVVKRZQLQ)LJ)LJ
DOVR VKRZV WKH SURFHVVHG LPDJHV UHVXOWLQJ IURP
ERWK DOJRULWKPV $V FDQ EH REVHUYHG IURP WKH
ILJXUH WKH VSHFXODU KLJKOLJKWV KDYH VLJQLILFDQWO\
EHHQ UHGXFHG E\ WKH SURSRVHG DOJRULWKP DV
FRPSDUHG WR WKH WHFKQLTXH LQ >@ ,W FDQ EH
REVHUYHGWKDWWKHPLQLPXPIXQFWLRQKDVUHVXOWHGLQ
PRVW RI WKH VSHFXODU SL[HOV EHLQJ UHSODFHG E\
FRUUHVSRQGLQJ GDUNHU FRXQWHUSDUWV LQ WKH VHFRQG
LPDJH$VREVHUYHGWKLVRXWSHUIRUPVWKHDYHUDJLQJ
SURFHVVEHLQJXVHGIRUVSHFXODULW\UHGXFWLRQLQWKH
PHWKRGRI >@DVPRVWRI WKHVSHFNOH LQERWK WKH
LPDJHVWHVWHGKDVEHHQUHPRYHGZKHQDSSO\LQJRXU
DSSURDFK)LJEFRPSDUHGWR)LJD

6SHFXODUUHGXFWLRQLQ&RORXULPDJHVDQG
SHUFHSWLRQRIGHSWK

7KH SODWH GDWDVHW VKRZQ LQ )LJ  LV XVHG IRU
GHPRQVWUDWLRQRIDSSO\LQJRXUWHFKQLTXHVWRLPDJHV
ZKLFK FRQWDLQ QRQSODQDU VXUIDFHV 7KLV LV D
FKDOOHQJLQJ GDWDVHW VLQFH WKH PRWLRQ RI DQ\
VSHFXODULWLHV LVQRW OLQHDUDQG WKLVSURYLGHV WHVWLQJ
RQ WKH OLPLWDWLRQV RI WKH SURSRVHG WHFKQLTXH )LJ
DVKRZVWZRLPDJHVRIDFHUDPLFSODWHWKDWKDVD
VORSHGULPVORSHRIZKLFKKDVFRORXUFRQWHQW
SUHVHQWLQLW7KHULPH[WHQGVRXWZDUGWRDKHLJKWRI
LQFKHVDWWKHHQGRYHUDGLVWDQFHRILQFKHV
KRUL]RQWDOO\7KHSLFWXUHVZHUHWDNHQDWDKHLJKWRI
LQFKHVIURPWKHSODWHEDVH0RUHRYHUWKHSODWHKDV
DQLUUHJXODUGHVLJQDVVHHQDURXQGWKHULP,WFDQEH
QRWLFHGWKDWHYHQZLWKVXFKVPDOOVXUIDFHGLVWDQFH
IURPWKHFDPHUDWKHVHGLVFRQWLQXLWLHVDSSHDUWREH
UHODWLYHO\SODQDU7KHVHWZRLPDJHVZHUHSURYLGHG
DV DQ LQSXW WR WKH DOJRULWKP DQG WKH RXWSXW ZDV


REVHUYHGZKLFKKDVEHHQVKRZQLQ)LJE,WFDQ
EH VHHQ WKDW WKH RXWSXW LV IUHH IURP VSHFXODU
UHIOHFWLRQV )XUWKHUPRUH WKH LUUHJXODU SDWWHUQV
DURXQGWKHSODWHVULPKDYHDOVREHHQSUHVHUYHG

 6SHFXODUUHGXFWLRQLQ*UH\VFDOHLPDJHV

$WZRLPDJHVXEVHWRIWKHODVWGDWDVHWIRUWHVWLQJLV
VKRZQ LQ)LJDDQG LVXVHG WRGHPRQVWUDWH WKH
SURSRVHG DOJRULWKP RQ JUH\VFDOH LPDJHV RI
DOXPLQLXP VKHHWV XVHG LQ >@ 'XH WR OLJKWLQJ
FRQGLWLRQV DQG VXUIDFH UHIOHFWLYLW\ WKH DXWKRUV RI
>@ ZHUH QRW DEOH WR XVH WKHVH LPDJHV IRU LPDJH
PRVDLFLQJSXUSRVHVGXHWRVSHFXODUKLJKOJLKWV:H
KDYHXVHGDODUJHUQXPEHURIRFWDYHVIRUHDFK
LPDJHZKLFKUHVXOWVLQIHDWXUHSRLQWVEHLQJGHWHFWHG
7KLVLVDQDGYDQWDJHRIWKH6,)7DOJRULWKPLQWKDW
RQHFDQWXQHWKHQXPEHURIRFWDYHVWRIRUPWKHVFDOH
VSDFH LQ ZKLFK IHDWXUHV DUH VHDUFKHG IRU (DFK
LPDJHFRYHUVDQDUHDRI[PP)LJVKRZV
WKH RULJLQDO VSHFXODU UHGXFHG DQG WKH GLIIHUHQFH
EHWZHHQWKHWZRLPDJHVIRUWKHPRQLWRULQJGDWDVHW
WRLOOXVWUDWH WKHDPRXQWRIVSHFXODUKLJKOJLKWV WKDW
KDVEHHQUHPRYHGIURPWKHLPDJHV$VFDQEHVHHQ
IURP )LJ  WKH VSHFXODU KLJKOLJKWV KDYH EHHQ
FRPSOHWHO\UHPRYHGLQ)LJEULJKWZLWKSDUWLDO
UHPRYDOEHLQJREVHUYHGIRU)LJEOHIW7KLVLV
GXHWRWKHSDUWLDORYHUODSRFFXUULQJEHWZHHQLWDQG
WKH UHVW RI WKH LPDJHV LQ WKH VHW  2QH DVSHFW RI
FRQFHUQKRZHYHULVWKHSUHVHQFHRIDGLVFRQWLQXLW\
LQWKHVSHFXODUUHGXFHGLPDJHRI)LJEOHIWDQG
)LJEFHQWUH7KLVHIIHFWLVPLWLJDWHGE\XVLQJ
OLQHDU WDSHULQJDURXQGWKHGLVFRQWLQXLW\HGJHV WKH
UHVXOWRIZKLFKFDQEHREVHUYHG LQ)LJF OHIW
DQG)LJFFHQWUH7KHGLIIHUHQFHEHWZHHQ WKH
RULJLQDODQGWKHVSHFXODUUHGXFHGLPDJHLVVKRZQLQ
)LJ G )LJ G SRLQWV RXW WKH VSHFXODU
KLJKOLJKWV ZKLFK KDYH EHHQ UHPRYHG ZLWK WKLV
PHWKRG

 1RLVHWHVWV

,QRUGHUWRFKHFNWKHSHUIRUPDQFHRIWKHDOJRULWKP
LQSUHVHQFHRIQRLVHWKUHHQRLVHPRGHOVZHUHXVHG
WR FRUUXSW WKH LPDJHV ZLWK LQFUHDVLQJ OHYHOV RI
YDULDQFH7KHQRLVHPRGHOVXVHGZHUH

L *DXVVLDQZKLWHQRLVH
LL 6SHFNOHQRLVH
LLL 6DOWDQG3HSSHUQRLVH

7HVWVIRUQRLVHZHUHSHUIRUPHGRQ WKUHH LPDJHV
WDNHQIURPWKH3RUWUDLWGDWDVHWXVHGWRH[SODLQWKH
SURSRVHGPHWKRGLQ6HFWLRQDQGKDYHEHHQVKRZQ
LQ)LJD7KH3HDN6LJQDOWR1RLVH5DWLR3615
ZDV XVHG WR LQGLFDWH WR WKH TXDOLW\ RI WKH LPDJH
7DEOHVKRZVWKHYDULDQFHVDSSOLHGIRUHDFKQRLVH
W\SHEHIRUHWKHDOJRULWKPZDVIRXQGWRVWRSJLYLQJ
VDWLVIDFWRU\UHVXOWV

7DEOH6XPPDU\QRLVHW\SHVDQGYDULDQFHVIRUQRLVHWHVWV
1RLVH7\SH 9DULDQFH5DQJH
*DXVVLDQ :KLWH 1RLVH
=HUR0HDQ
WR
8QLIRUP 5DQGRP 1RLVH
]HURPHDQ
WR
6DOWDQG3HSSHU1RLVH WR

)LJEVKRZVDSORWRIWKH3615RIWKHRULJLQDO
FRUUXSWHGLPDJHDQGWKHSURFHVVHGLPDJHDIWHUWKH
DSSOLFDWLRQ RI WKH DOJRULWKP IRU *DXVVLDQ :KLWH
1RLVH ,W FDQ EH REVHUYHG IURP )LJ E WKDW WKH
LPSURYHPHQWLQ3615URXJKO\IROORZVDGHFD\LQJ
H[SRQHQWLDODVWKHYDULDQFHRIWKHQRLVHLVLQFUHDVHG
)LJFVKRZVDSORWRIWKH3615RIWKHRULJLQDO
FRUUXSWHGLPDJHDQGWKHSURFHVVHGLPDJHDIWHUWKH
DSSOLFDWLRQRI WKH DOJRULWKP IRU8QLIRUP5DQGRP
1RLVH 6SHFNOH ,W FDQ EH REVHUYHG WKDW IRU WKH
SURFHVVHGLPDJHWKH3615LVEHWWHULQPRVWFDVHV
+RZHYHU IRU LPDJH LWFDQEHREVHUYHG WKDW WKH
3615LQWKHSURFHVVHGLPDJHLVHTXDOWRRUOHVVWKDQ
WKH3615RIWKHRULJLQDOFRUUXSWHGLPDJH)LJG
VKRZVDSORWRIWKH3615RIWKHRULJLQDOFRUUXSWHG
LPDJHDQGWKHSURFHVVHGLPDJHDIWHUWKHDSSOLFDWLRQ
RIWKHDOJRULWKPIRU6DOWDQG3HSSHU1RLVH,WFDQEH
REVHUYHGWKDWWKH3615RIWKHSURFHVVHGLPDJHLV
ORZHUWKDQWKHRULJLQDOLPDJHIRUDYDULDQFHRI
EXW DV WKH QRLVH LV LQFUHDVHG WKH 3615 RI WKH
SURFHVVHG LPDJH EHFRPHV EHWWHU 0RUHRYHU WKH
SUHVHQFH RI 6DOW DQG 3HSSHU 1RLVH H[SRVHV WKH
LQKHUHQWGLVDGYDQWDJHRIWKHPLQLPXPIXQFWLRQDVLW


FRQVLGHUVµSHSSHU¶SL[HOV WREHGLIIXVH2IFRXUVH
LQSUDFWLFHDVLPSOHPHGLDQILOWHUFRXOGEHXVHGWR
SUHSURFHVV WKH LPDJH SULRU WR DSSOLFDWLRQ RI WKH
SURSRVHGWHFKQLTXHVWRFLUFXPYHQWWKLVLVVXH
,Q DOO WKUHH H[SHULPHQWV ZLWK QRLVH WKHUH LV DQ
RYHUDOOLPSURYHPHQWLQWKH3615RIWKHSURFHVVHG
LPDJHV,QVRPHFDVHVKRZHYHUDVSUHVHQWIRUWKH
8QLIRUP5DQGRP1RLVHDQG6DOWDQG3HSSHUQRLVH
WKH3615GRHVQRWLPSURYHRULVOHVVWKDQWKH3615
RIWKHFRUUXSWHGLPDJHV
/DVWO\ZHDSSOLHGPHGLDQDQGDYHUDJHILOWHUVRI
ZLQGRZ VL]HV RI [ XS WLOO [ SL[HOV WR WKH
LPDJHVEHIRUHWKHDSSOLFDWLRQRIWKHDOJRULWKP$V
H[SHFWHG LWZDVREVHUYHG WKDWDYHUDJLQJGLVWRUWHG
WKH IHDWXUHV LQ WKH LPDJHV DV ZHOO DV VSUHDG WKH
VSHFXODUKLJKOLJKWV7KHDYHUDJLQJZDVFDUULHGRXW
WRFKHFNWKHHIIHFWRIEOXURQWKHSURSRVHGVFKHPH
7KH PHGLDQ ILOWHU ZDV REVHUYHG WR UHPRYH QRLVH
ZHOO IRU ORZ YDULDQFH YDOXHV EXW DV H[SHFWHG LWV
SHUIRUPDQFH GHWHULRUDWHGZLWK LQFUHDVLQJ DPRXQWV
RIQRLVH$GGLWLRQDOO\FRUQHUVDQGGHWDLOVVXFKDV
HGJHV ZHUH GLVWRUWHG 7KH DOJRULWKP GLG QRW JLYH
VDWLVIDFWRU\UHVXOWVIRUILOWHUVRIODUJHUZLQGRZVL]HV
DVLWUHQGHUHGGLVWRUWHGIHDWXUHSRLQWVXQPDWFKDEOH

 7UDQVODWLRQDQG5RWDWLRQ7HVWV

,QRUGHU WR WHVW WKHDOJRULWKP IRU WKH OLPLWDWLRQ LQ
WHUPVRIPRYHPHQWWKHLPDJHVZHUHVKLIWHGXVLQJD
WUDQVODWLRQ IXQFWLRQ DQG WKH RXWSXW ZDV YLVXDOO\
LQVSHFWHG,WZDVIRXQGWKDWIRUWKHJLYHQLPDJHVHW
WKH DOJRULWKP ZRUNHG VPRRWKO\ IRU D PD[LPXP
WUDQVODWLRQRISL[HOVLQERWK;DQG<GLUHFWLRQV
7KLVLVGXHWRWKHXVHRIWKH&DUWHVLDQPHVKRQWR
ZKLFK WKH LPDJHV DUH ZDUSHG ZKLFK OLPLWV WKH
DPRXQWRIDOORZHGPRWLRQEHWZHHQWKHIUDPHV7KLV
LV DOVR LPSRUWDQW DV LW DOORZV IRU D VSDUVH LPDJH
DFTXLVLWLRQDQGSURFHVVLQJ
7R WHVW WKH SHUIRUPDQFH RI WKH DOJRULWKP LQ WKH
SUHVHQFH RI URWDWLRQV EHWZHHQ LPDJHV WHVWV ZHUH
FRQGXFWHGE\URWDWLQJWKHLPDJHVE\ÛHDFKWLPH
DQG LW ZDV REVHUYHG WKDW WKH DOJRULWKP ZRUNHG
VDWLVIDFWRULO\IRUDOOURWDWLRQV

 &RQFOXVLRQ

,QWKLVSDSHUZHSUHVHQWDPHWKRGIRUWKHUHPRYDO
RI VSHFXODU KLJKOLJKWV IURP D VHTXHQFH RI
FRQWLQXRXVLPDJHV,WKDVEHHQVKRZQWKDWGHWHFWLQJ
FRUUHVSRQGHQFHV EHWZHHQ VXFFHVVLYH LPDJHV DQG
FDOFXODWLQJ WKH JHRPHWULF WUDQVIRUPDWLRQ EHWZHHQ
WKHPRQH FDQXVH LQIRUPDWLRQ IURPQHLJKERXULQJ
LPDJHV WR UHGXFHUHPRYHVSHFXODUKLJKOLJKWV IURP
LPDJHVHTXHQFHVDQGYLGHRIUDPHV7KHSURSRVHG
PHWKRG KDV EHHQ VKRZQ WR ZRUN RQ JUH\VFDOH DV
ZHOODVFRORXULPDJHVZKLFKLVDPDMRUDGYDQWDJH
RYHUSUHYLRXVZRUN LQ WKLV DUHD%HLQJD VRIWZDUH
EDVHG DSSURDFK WKLV PHWKRG DOORZV IRU D QRQ
VSHFLILF FKHDSDQGHDV\KDUGZDUHDVVHPEO\ WREH
XVHGLQWKHDSSOLFDWLRQWKXVPDNLQJLWVDSSOLFDELOLW\
PRUH JHQHUDO 6LQFH WKH DOJRULWKP PDNHV XVH RI
SURMHFWLYH WUDQVIRUPDWLRQV WR JHRPHWULFDOO\ PRGHO
WKHPRYHPHQWLWFDQFDWHUIRUOLQHDUDVZHOODVQRQ
OLQHDU PRWLRQ EHWZHHQ LPDJHV 7KLV IOH[LELOLW\ LV
XVHIXO LQ DSSOLFDWLRQV VXFK DV PRQLWRULQJ ZKHUH
LPDJHV PD\QRWEH UHODWHGE\ VLPSOH WUDQVODWLRQV
)XUWKHUPRUH WKH DOJRULWKP LV DEOH WR GHWHFW
RYHUODSSLQJLPDJHVIURPDQDUELWUDU\VHWDQGGRHV
QRWUHTXLUHDQ\XVHULQSXWUHJDUGLQJWKHLPDJHVWR
EHXVHG7KHDOJRULWKPKDVEHHQVKRZQWRZRUNLQ
WKHSUHVHQFHRIYDULRXVW\SHVRIQRLVHZLWKGLIIHUHQW
QRLVH YDULDQFHV ,Q WKLV UHJDUG LW KDV DOVR EHHQ
VKRZQ WRQRWRQO\ UHPRYH VSHFXODUKLJKOLJKWVEXW
DOVR UHPRYH WKHQRLVH LQ WKHRULJLQDO LPDJHV7KH
PHWKRG KDV EHHQ FRPSDUHG WR RWKHU OHDGLQJ
WHFKQLTXHVGHVLJQHGIRUUHPRYLQJVSHFXODULWLHVIRU
ZKLFK SRWHQWLDO DSSOLFDWLRQV DUH ZLGHUDQJLQJ
)XUWKHUPRUHWKHPHWKRGKDVEHHQGHPRQVWUDWHGWR
LPSURYH WKH TXDOLW\ RI IHDWXUHSRRU LPDJHV IURP
LQVSHFWLRQYLGHRV>@LQRUGHUWRUHYHDOLQIRUPDWLRQ
SUHYLRXVO\REVFXUHGE\VSHFXODUUHIOHFWLRQV

$FNQRZOHGJPHQW

7KHDXWKRUVZRXOGOLNHWRWKDQN5DKXO6XPPDQDQG
)UDQFHVFR *XDUDWR IRU XVHIXO GLVFXVVLRQV DERXW
1'( DSSOLFDWLRQV DQG IRU WKHLU JXLGDQFH IRU GDWD
DFTXLVLWLRQ


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